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ABSTRACT
Boronic acids play an important role in the design and synthesis of chemosensors for
carbohydrates due to their ability to reversibly bind with diol-containing compounds. Along this
line, the availability of boronic acids that change fluorescence upon sugar binding is critical to a
successful sensor design effort. Here, two boronic acids that show strong fluorescent intensity
changes upon sugar binding are reported: isoquinoline-7-boronic acid (7-IQBA) and
phenoxathiin-4-boronic acid (4-POBA).
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1

INTRODUCTION

1.1

CURRENT DRUG DESIGN
Health issues such as monitoring blood glucose for people with diabetes mellitus1 and

cancer diagnosis are current areas of interest.2 In drug discovery, screening and computational
methods are often employed to identify potential drug molecules from libraries of enzyme
inhibitors.3 Other prospects in drug development focus on gene therapy to recognize specific
sequences of nucleic acids to treat metabolic disorders, cancers, and human immunodeficiency
virus.4 Designing receptors for the specific purpose of diagnostic and therapeutic effects
remains a challenge. Structure, stereochemistry, and polarity are only a few factors that
influence the reactivity of a receptor. The development and success of marketed drugs is based
on their selective recognition for target molecules.

1.2

BORONIC ACIDS
Boronic acids are often used in the syntheses of heterocyclic and aryl-substituted

compounds.5 Aside from their use in organic syntheses, they have also been used to recognize
adenosine triphosphate (ATP) and nucleic acids,6 serine protein motifs,7 -hydroxy carboxylic
acids,8 and fluoride ions.9 They are often found in a trigonal planar neutral form, but can easily
convert to a tetrahedral anion at pH above the pKa for a particular species. This is due to the
fact that boron behaves as a Lewis acid and accepts lone pair electrons from donating atoms to
form covalent bonds. The boronic acid group can form tight complexes with compounds that
contain two adjacent nucleophiles, especially cis-diols. With a high intrinsic affinity for sugars
and a rapid, reversible equilibrium, boronic acids continue to gain more interests in sensor
scaffold design for the recognition of carbohydrates.7c, 10

1

1.3

SACCHARIDE DETECTION USING BORONIC ACIDS
Carbohydrates are known to be extremely important in many biochemical processes and

are endogenous in even the simplest of cells.11 Carbohydrates are often linked to cell surfaces
and proteins which can affect activity.12 For example, the carbohydrate chain of a red blood cell
is what determines blood type. Modified saccharide chains have been found in many
degenerative diseases,12a, 13 and glycosolated proteins have been shown to play roles in cell-cell
communication and cancer metastasis.14
A large number of boronic acids have focused on sensing glucose and fructose because
of their abundance in metabolic processes. However, the detection of other carbohydrates
remains equally important. Therefore, the design and synthesis of boronic acids is important for
specificity to sugars. Boronic acids are useful for sensing many types of saccharides and
several boronic acids have been developed to recognize cell-surface carbohydrates.

1.4

PURPOSE OF THIS STUDY
Boronic acids are good fluorescence sensors because they have intrinsic affinity for

carbohydrates, fluorescence intensity changes upon binding with sugars, and a rapid and
reversible equilibrium. These studies can be performed in aqueous solution under physiological
conditions. A long-term goal in our group is to create a library of boronic acid scaffolds with
known values that can be later used for the design and synthesis of chemosensors to identify
specific biomarkers. This work examines two commercially available aryl-boronic acids:
isoquinoline-7-boronic acid and phenoxathiin-4-boronic acid. Our group recently reported a new
class of issoquinoinyl boronic acids (4, 5, 6, 8-IQBA) that were used for binding with sugars and
six-member ring diols. 7-IQBA was not included in this earlier report, which therefore
encouraged us to include it in this class of IQBAs. The structure of 4-POBA is comparatively
different from IQBAs which enabled us to compare and contrast the two compounds. Binding
2

affinities of boronic acid with saccharides were determined from calculated Ka values to show
how tightly the boronic acids bind to sugars. The pKa values for each boronic acid in both the
absence and presence of saccharides were determined to better understand the mechanism by
which changes in fluorescence occurred. Additionally, fluorescence quantum yields (F) of both
boronic acids with and without sugar were used to illustrate the fluorescence efficiency
associated for boronic acid and their saccharide esters.

3

Isoquinoline-7-boronic acid (1)

Phenoxathiin-4-boronic acid (2)

Figure 1. Structures of 7-IQBA and 4-POBA.

D-fructose

D-glucose

D-sorbitol

D-mannose

D-tagatose

Figure 2. D-Saccharides used for this study.
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2

RESULTS & DISCUSSION

2.1

APPARENT ASSOCIATION CONSTANTS (Ka)
Binding affinities were determined to illustrate how tightly boronic acids bind with sugars.

To do this, binding affinities were determined from Ka values. The Ka values were calculated
using a derived equation that correlates the fluorescence intensity changes to the concentration
of sugar. Excitation wavelengths used for fluorescence emission were chosen based on the
maximum intensity observed at a specific wavelength (Figure 3). Binding constants for boronic
acids were determined by measuring the fluorescence intensity at the emission wavelength
maximum upon addition of sugar.
The Ka value was calculated using a derived equation that correlates the fluorescence
intensity changes to the concentration of sugar. The Ka value for boronic acid-sugar ester can
be calculated from equation (1). At equilibrium, boronic acid-sugar complex concentration is
[BS], boronic acid concentration is [B]-[BS], and sugar concentration is [S]-[BS]. Assume that
the concentration of sugar is much larger than both the concentrations of boronic acid and
boronic acid-sugar complex. Also assume that [BS] = nΔI and [B] = mI0. Following the derivation,
the linear equation used to calculate Ka value is shown.

5

A

B

Figure 3. Absorbance spectra for boronic acid. Excitation wavelengths for fluorescence emission of
boronic acids were chosen based on maximum absorbance intensity. Experiments were performed in
phosphate buffer (0.1 M), pH 7.4: 7-IQBA, max = 271 nm; 4-POBA max = 299 nm. A) 7-IQBA only, B) 4POBA only.
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(Equation 1)

Boronic acid + sugar
[B]
[S]
[B]-[BS]
[S]-[BS]

B-S Complex
[BS]
[BS]

,

7

Δ

The binding affinities of 7-IQBA with D-sorbitol, D-tagatose, D-mannose, and D-fructose are
listed in Table 1.The trend for the binding affinities of 7-IQBA began with D-sorbitol (1600 M-1),
followed by D-fructose (1100 M-1), D-tagatose (620 M-1), and D-mannose (58 M-1).The
fluorescence intensity of 7-IQBA with D-glucose was low, even as sugar concentration
increased. The Ka value between 7-IQBA with D-glucose was not detected. The binding affinities
of 4-POBA with saccharides varied slightly in order of binding and is also listed in Table 1.
Binding between 4-POBA with D-sorbitol had the highest Ka value (740 M-1). The trend followed
with D-tagatose (520M-1), D-fructose (370M-1), D-mannose (31M-1), and finally D-glucose (14M-1).

Table 1. Apparent association constants (Ka) of 7-IQBA and 4-POBA.
7-IQBA
-1

D-fructose

4-POBA
-1

Ka [M ]

∆I/I0

Ka [M ]

∆I/I0

1100±10

20.0

370±82

-0.72

14±2

-0.90

Not Detected

D-glucose
D-mannose

58±23

5.1

31±7

-0.82

D-sorbitol

1600±588

8.0

740±68

-0.81

D-tagatose

620±38

6.9

520±78

-0.78

8

2.2

FLUORESCENCE INTENSITY CHANGES

2.2.1

Isoquinoline-7-Boronic Acid
Fluorescence intensity changes of 7-IQBA upon sugar binding are listed in Table 1. The

changes ranged from the intensity in the absence of sugar (initial intensity, I0) to the intensity in
the highest concentration of sugar (final intensity, IF).The intensities of 7-IQBA upon binding with
saccharides increased, except for 7-IQBA with D-glucose. In particular, 7-IQBA showed a 20fold increase in fluorescence intensity upon binding with D-fructose. Changes in fluorescence
intensities of 7-IQBA experienced a 5 to 8-fold increase with the remaining sugars (Figures 4
and 5).The maximum fluorescence intensity red-shifted from around 344 nm to 378 nm as
saccharide concentrations increased (Figure 4).
The fluorescence intensity of 7-IQBA only is lower than its sugar esters. At pH 7.4, 7IQBA is predominantly found as a neutral trigonal planar species and its ester is the tetrahedral
anionic form at pH 7.4. The ester form is the fluorescent species while 7-IQBA is nonfluorescent at pH 7.4. Therefore, the fluorescence intensities increase upon addition of sugar.
These results are further explained with apparent pKa values.

9

A

B

C

D

Figure 4. Fluorescence spectra of 7-IQBA (10 M) upon addition of increasing sugar concentrations in
phosphate buffer (0.1 M) at pH 7.4: λex= 280 nm, D-fructose and D-sorbitol; λex= 272 nm, D-mannose and
D-tagatose.

All experiments were performed in triplicate. A) D-fructose, B) D-mannose, C) D-sorbitol, D) D-

tagatose.
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Figure 5. Fluorescence intensity changes of 7-IQBA (10 M) upon increasing sugar concentration in
phosphate buffer (0.1 M) at pH 7.4: λex= 280 nm, λem = 370 nm (D-fructose and λem= 344 nm (D-sorbitol);
λex= 272 nm, λem = 347 nm (D-mannose and λem= 346 nm (D-tagatose). All experiments were performed
in triplicate.
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2.2.2

Phenoxathiin-4-Boronic Acid
The fluorescence intensity of 4-POBA upon addition of saccharides decreased. The

changes are listed in Table 1. Addition of D-glucose with 4-POBA produced the largest intensity
decrease by 90%. In the presence of D-mannose, D-sorbitol, or D-tagatose, the intensities
decreased 80%. A decrease of 72% showed that binding between 4-POBA and D-fructose
experienced the smallest change in fluorescence.
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A

B

C

D

E

Figure 6. Fluorescence spectra of 4-POBA (10 M) upon addition of increasing sugar concentration in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, all sugars. All experiments were performed in triplicate.
A) D-fructose, B) D-glucose, C) D-mannose, D) D-sorbitol, E) D-tagatose.
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Figure 7. Fluorescence intensity changes of 4-POBA (10 M) upon increasing sugar in phosphate buffer
(0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm (D-fructose, D-glucose, D-mannose, D-sorbitol, and Dtagatose). All experiments were performed in triplicate.
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For 4-POBA, the fluorescence intensity decreased upon increasing pH values of free
boronic acid. The measured distance between the oxygen of the phenoxathiin moiety and
hydrogen of boronic acid was 2.04 Å. Intrinsic distance for hydrogen bonding is roughly 2 Å. We
can predict that there is hydrogen bond interaction between these two groups. In the ester form,
pH of the solution is higher than the pKa value of 4-POBA-sugar esters and the hybridization
changes from trigonal planar to tetrahedral anionic form. There is no hydrogen on the boronic
ester, thus no hydrogen bonding will exist. Hydrogen bonding between the free boronic acid and
oxygen may contribute to the stability of the boronic acid and to the fluorescence intensity. We
can speculate that breaking this hydrogen bond may play a role in lowering the fluorescence
intensity upon sugar addition or with increasing pH.

15

A

B

Figure 8. Molecular models for intramolecular hydrogen bond formation of 4-POBA. Distance between
the donor species (hydroxyl group of boronic acid) and acceptor species (oxygen of phenoxathiin) is
2.04 Å and 2.84 Å for trigonal planar (A) and tetrahedral (B) hybridizations, respectively.
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2.3

IONIZATION STATES

2.3.1

Isoquinoline-7-Boronic Acid
To better understand the basic mechanism by which the fluorescence changes occurred,

the pKa values of 7-IQBA in the absence and presence of various sugars were determined. The
fluorescence intensities of boronic acids and their esters were measured at varied pH values.
Titration curves were created from the intensities for each measured pH value using the
emission maximum (maxima). Statistical software was used to fit titration curves. Equation (2a)
or (2b) was used and pKa values were assigned to coefficient x0 or EC50, respectively.
Equation (2a) was used with Sigma Plot 10.0 and (2b) with Sigma Plot 12.0.

(Equation 2a)
f1=min + (max-min)/(1 + abs(x/EC50)^Hillslope)
f2=min + (max-min)*(abs(x/EC50)^abs(Hillslope))/(1 + abs(x/EC50)^abs(Hillslope)))
f = if(x<=0, if(Hillslope>0,max,min), if(Hillslope>0, f1, f2))

(Equation 2b)
f = y0+a/(1+exp(-(x-x0)/b))
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For 7-IQBA, there are two ionizable functional groups: the boronic acid group and the
isoquinolinium nitrogen. Therefore, two pKa values were expected for 7-IQBA. As shown in
Figure 4, the fluorescence intensities of the boronic acids and their presumed esters changed
with pH. Such results demonstrate that fluorescent properties are associated with the ionization
state of the boronic acids and their corresponding esters. For 7-IQBA, there are two ionizable
functional groups: the boronic acid group and the isoquinolinium nitrogen. Therefore, there
should be two pKa values.
Based on literature precedents,15 it was reasonable to assume that the ionization steps
of 7-IQBA followed route A in which deprotonation of the isoquinolinium nitrogen precedes the
hybridization state change of the boronic acid seen in Scheme 1.15 On the other hand, the
ionization of esters of 7-IQBA most likely follow route B. Thus, the first ionization step for the
esters is the hybridization state change of the boronic ester group, followed by deprotonation of
the isoquinolinium nitrogen.

Table 2. Apparent pKa values of 7-IQBA and 4-POBA.
D-fructose

7-IQBA

4.9, 6.9

4-POBA

6.3

D-glucose

ND

[a]

6.3

D-mannose

D-sorbitol

D-tagatose

No Sugar

5.2, 7.4

4.1, 6.8

5.1, 6.9

5.5, 7.8

6.4

6.6

6.6

8.0

[a] Not determined.
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Scheme 1. Proposed ionizations of 7-IQBA in the absence of sugar.

Scheme 2. Proposed ionizations of 7-IQBA in the presence of a sugar.

19

It is interesting to note that 7-IQBA and all of its esters have two emission maxima.
Therefore, the pH profiles of the fluorescence intensities were constructed at different
wavelengths to obtain the pKa values listed in Table 2. For 7-IQBA only, it was surprising to find
that increasing the pH induced an 80% fluorescence intensity decrease at 378 nm with an
apparent pKa value of around 5.5, which was assigned as pKa1 based on comparison with an
earlier report.15 However, when the pH profiles of the fluorescence intensities were drawn at 344
nm, two approximate pKa values could be obtained: 5.5 with pKa1 and 7.8 with pKa2. As seen in
Figure 4, 7-IQBA itself did not have strong fluorescence (378 nm) at low pH. At pH 7.4, 7-IQBA
existed predominantly in the deprotonated form, which was nearly non-fluorescent.
In the presence of various sugars, the fluorescence intensities of 7-IQBA increased 17-,
13-, 37- and 17-fold at 344 nm, corresponding to the addition of D-fructose, D-mannose, Dsorbitol, and D-tagatose. The apparent pKa values were observed as 6.9, 7.4, 6.8 and 6.9,
respectively. Based on the data obtained from earlier studies, all of these pKa values were
assigned as pKa4.15 For the data collected at 378 nm, the second set of pKa values were
observed as 4.9, 5.2, 4.1 and 5.1 for the esters of D-fructose, D-mannose, D-sorbitol, and Dtagatose, which could be assigned as pKa3 based on the previous studies.15 Such results
indicate that the pKa value of the boronic acid group is higher in the absence of a sugar and
lower in the presence of a sugar.
The switching of pKa also correlated with the strong fluorescence changes at pH 7.4.
Thus, it is reasonable to assume that the zwitterionic species (6) is more fluorescent than the
boronic ester (5). At pH 7.4, 7-IQBA itself existed predominantly in the neutral trigonalcoordinated boron form (1) since the pKa of 7-IQBA is 7.8. The D-fructose, D-sorbitol, and Dtagatose esters existed predominantly in the boronate form (7). Since the pKa value of the Dmannose ester of 7-IQBA is 7.4, one would expect to find a mixture of the zwitterionic
isoquinolinium boronate (6) and isoquinolinyl boronate forms (7) at pH 7.4. Overall, 1 and 4 are
20

almost non-fluorescent while the boronate ester forms 6 and 7 are fluorescent. Therefore, the
binding between 7-IQBA with sugars leads to the fluorescence increase at pH 7.4.

21

Figure 9. pH profile of 7-IQBA (10 M) in the absence and presence of various sugars (0.01 M) in
phosphate buffer (0.1 M): λex = 272 nm (7-IQBA only, D-fructose, D-glucose, D-sorbitol, and D-tagatose);
λex = 271 nm (D-mannose), λem = 344 nm. All experiments were performed in duplicate.

Figure 10. pH profiles of 7-IQBA (10 M) in the absence and presence of various sugars (0.01 M) in
phosphate buffer (0.1 M : λex = 272 nm (7-IQBA only, D-fructose, D-glucose, D-sorbitol, and D-tagatose);
λex = 271 nm (D-mannose), λem = 378 nm. All experiments were performed in duplicate.
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Table 3. Presumed structures of 7-IQBA and its sugar esters at pH 7.4.
pKa
D-fructose

D-glucose

Structure

4.9, 6.9

ND

[a]

D-mannose

5.2, 7.4

D-sorbitol

4.1, 6.8

D-tagatose

5.1, 6.9

No Sugar

5.5, 7.8

ND

[a] Not determined.
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[a]

2.3.2

Phenoxathiin-4-Boronic Acid
In the case of 4-POBA, there is only one ionizable group, the boronic acid. It was found

that the fluorescence intensity increased 30-fold when the pH decreased with an apparent pKa
of 8.0. Such results indicate that the neutral trigonal form (2) is the more fluorescent species. In
the presence of sugars, the apparent pKa values were 6.3 (D-fructose ester and D-glucose
ester), 6.4 (D-mannose ester), and 6.6 (D-sorbitol ester and D-tagatose ester). Similar to 4POBA alone, the trigonal neutral ester form (9) is the more fluorescent species, while the
tetrahedral ester form (10) is mostly non-fluorescent (Scheme 2). At pH 7.4, 4-POBA exists in
the trigonal form (2) and 4-POBA ester exists predominantly in the tetrahedral form (10). The
boronic acid form of 4-POBA (2) is fluorescent and the boronate form (10) is non-fluorescent.
Therefore, the binding between 4-POBA with sugars leads to a decrease in fluorescence
intensity.

24

Scheme 3. Proposed ionization of 4-POBA in the absence of sugar.

Scheme 4. Proposed ionization of 4-POBA in the presence of sugar.
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Figure 11. pH profiles of 4-POBA (10 M) in the absence and presence of various sugars (0.01 M) in
phosphate buffer (0.1 M : λex = 299 nm, λem = 430 nm. All experiments were performed in duplicate.
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Table 4. Presumed structures of 4-POBA and its sugar esters at pH 7.4.
pKa
D-fructose

6.3

D-glucose

6.3

D-mannose

6.4

D-sorbitol

6.6

D-tagatose

6.6

No Sugar

8.0

Structure

27

2.4

FLUORESCENCE QUANTUM YIELD (F)
A fluorescence quantum yield test is a measure of how efficient the fluorescence from a

species is. By definition, the fluorescence quantum yield is the number of photons emitted over
the number of photons absorbed. Quantum yield can be calculated from a photon counter using
equation (3). Our laboratory does not have an instrument of this nature so relative fluorescence
quantum yields were determined using equation (4). We compared the unknown boronic acids
and their esters to a reference. We used 8-IQBA as the reference because it has a known
quantum yield (2.2%) and an excitation wavelength maximum (271 nm) near those of 7-IQBA
and 4-POBA. From the known quantum yield of 8-IQBA, we varied the concentrations of 8-IQBA
and measured the absorbance and fluorescence. A curve of integrated fluorescence peak area
over absorbance intensity (Figure 12) was created to obtain the slope. We repeated this for 7IQBA by obtaining the absorbance intensities and the fluorescence peak areas.

(Equation 3)

(Equation 4)

Using the slopes and the known quantum yield of 8-IQBA, we used equation (4) to set
up a ratio of the known values to determine the quantum yield of 7-IQBA. This same procedure
was duplicated for free boronic acids and their sugar-esters.
28

Fluorescence Peak Intensity

20000

15000

y = 108591x - 8211
R² = 0.9827

10000

y = 86464x - 6199.2
R² = 0.9911

5000

8-IQBA
7-IQBA

0
0.1

0.15

0.2
Absorbance

0.25

0.3

Figure 12. Fluorescence quantum yield slope determination of 8-IQBA and 7-IQBA. Fluorescence
quantum yield slopes of 8-IQBA and 7-IQBA (

dilutions of 10 M) in phosphate buffer (0.1 M) at pH

7.4: λex = 271 nm, λem range = 315 – 421 nm. Experiments were duplicated.
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The results for the fluorescence quantum yields are shown in Table 2. The quantum
yields for 7-IQBA in the absence and presence of saccharide followed the trend D-fructose ester
> D-tagatose ester > D-sorbitol ester > D-mannose ester > D-glucose ester > 7-IQBA only. Sugar
complexes had higher quantum yields than 7-IQBA itself. For example, the quantum yield for
the D-fructose ester of 7-IQBA was 48% while 7-IQBA alone was only 2%, a 24-fold difference.
D-Tagatose

ester and D-sorbitol ester also had high quantum yields of 34% and 28%,

respectively. D-Mannose ester showed a lower quantum yield of 8%, but still over 4-fold higher
than 7-IQBA itself.

Table 5. Fluorescence quantum yields (F)of 7-IQBA and 4-POBA.
F (%)
D-fructose

7-IQBA

48±0.55

4-POBA

0.72±0.05

D-glucose

ND

[a]

0.72±0.05

D-mannose

D-sorbitol

D-tagatose

No Sugar

7.8±0.06

28±0.24

34±1.2

1.7±0.13

0.55±0.05

0.86±0.06

0.99±0.07

8.0±0.16

[a] Not determined.

The quantum yield for 4-POBA displayed a very different tendency compared to 7-IQBA.
The boronic acid itself had a much higher quantum yield than any of the sugar ester forms. For
instance, the quantum yield for 4-POBA was 8%, while quantum yields for boronates fell below
1%, which is consistent with the binding study as shown in Figure 6 and 7 where the
fluorescence intensities decreased upon binding to sugar. For instance, D-tagatose ester
(0.99%) showed the smallest fluorescence intensity decrease of 8-fold and 14 to 20-fold
decreases from D-fructose ester (0.72%), D-glucose ester (0.72%), D-mannose ester (0.55%),
and D-sorbitol ester (0.86%). The dominant fluorescent species was 4-POBA alone.
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Environmental factors (e.g. solvent, buffer, ions) may affect fluorescence and factors such
as species aggregation may influence the quantum yield. For instance, at higher concentrations
of 8-IQBA, we observed the fluorescence intensity to reach a maximum, which was likely due to
species aggregation in solution. As seen in Figure 13, the maximum fluorescence intensity
decreased upon reaching a certain concentration (around 12 M). Therefore, low concentrations
of boronic acids (10 M) were used. In buffered solutions, there are often issues with buffer
interactions. The presence of ions may have a quenching effect on fluorescence. However,
phosphate ions with boronic acid have no effect on fluorescence intensity which is why
phosphate buffer is commonly used.7d
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Figure 13. Evidence of species aggregation for 8-IQBA. Integrated fluorescence area versus
absorbance intensities of 8-IQBA. B) Fluorescence peak area and absorbance intensity versus 8IQBA concentrations (16 pM – 1 mM). ex = 271 nm, em range = 315 – 421 nm.
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3

CONCLUSIONS
Isoquinoline-7-boronic acid and phenoxathiin-4-boronic acid were examined to

determine their potential use as scaffolds in chemosensor design. Several properties of these
two arylboronic acids were studied under physiological conditions, which included the apparent
binding affinity, proposed ionization schemes, and fluorescence quantum yields. Binding of 7IQBA

and

4-POBA

with

several

monosaccharides

was

reported

using

micromolar

concentrations of boronic acid. Both boronic acids showed large changes in fluorescence
intensity upon the addition of sugar. Using this data, sensors can be designed accordingly,
depending on desired characteristics for the recognition of a particular biomarker. These results
indicate that 7-IQBA may be more useful than 4-POBA in the design and synthesis of boronic
acid scaffolds for sensing carbohydrates in biological systems.

4

EXPERIMENTAL
Absorbance spectra were obtained using Shimadzu PharmaSpec UV-1700 UV-Visible

Spectrophotometer and UVProbe Software. Fluorescence emission spectra were obtained
using Shimadzu RF-5301PC Spectrofluorophotometer and RF530XPC Software. Quartz crystal
cuvettes were used for absorbance and fluorescence experiments. All pH values were
determined using Fisher Scientific Accumet Research AR10 pH Meter. Water used for buffer
solutions was purified using Thermo Scientific Barnstead Nanopure filtration system. All pKa
values were calculated using Systat Software Inc. SigmaPlot 12.
Buffer was prepared with Na2HPO4 (0.077 mol) and NaH2PO4 (0.023 mol) in dH2O (1 L),
and adjusted to pH 7.4. Isoquinoline-7-boronic acid and phenoxathiin-4-boronic acid were
commercially available from Frontier Scientific. Boronic acids were dissolved in MeOH to 0.01 M
and diluted to 10 µM using 0.1 M phosphate buffer at pH 7.4. Sugars were available though

33

Fisher Scientific and Sigma-Aldrich and prepared in 0.1 M phosphate buffer, pH 7.4. Excitation
wavelengths were determined by absorbance spectra.
For binding affinities, standard solutions of D-glucose (1.5 M), D-mannose (0.5 M), and
D-fructose, D-sorbitol

and D-tagatose (10 mM) were prepared with boronic acid (10 µM) in

phosphate buffer (0.1 M), pH 7.4. Experiments were performed in triplicate. To determine pKa
values, saccharide solutions (0.01 M) were prepared in boronic acid (10 µM) in phosphate buffer
(0.01 M), pH 7.4. The pH was adjusted from 2 to 12 using concentrated HCl and saturated
NaOH, in keeping with consistent volumes (40 mL) and concentrations. Experiments were
duplicated. For quantum yield studies, solutions of boronic acid (10 µM) with and without sugars
were prepared (0.03 M for D-mannose, 0.01 M for all others) in phosphate buffer (0.01 M), pH
7.4. One-third, serial dilutions of boronic acid (10 µM) were made to obtain absorbance and
fluorescence emission spectral data. All experiments were duplicated.
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APPENDICES
APPENDIX A – Apparent Association Constants (Ka)

Figure A1. Fluorescent spectral changes of 7-IQBA (1 × 10-5 M) upon addition of D-fructose in
phosphate buffer (0.1 M) at pH 7.4: λex = 280 nm, λem = 370 nm.
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Figure A2. Fluorescent spectral changes of 7-IQBA (1 × 10-5 M) upon addition of D-glucose in
phosphate buffer (0.1 M) at pH 7.4: λex = nm, λem 344 = nm.
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Figure A3. Fluorescent spectral changes of 7-IQBA (1 × 10-5 M) upon addition of D-mannose in
phosphate buffer (0.1 M) at pH 7.4: λex = 272 nm, λem = 347 nm.
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Figure A4. Fluorescent spectral changes of 7-IQBA (1 × 10-5 M) upon addition of D-sorbitol in
phosphate buffer (0.1 M) at pH 7.4: λex = 280 nm, λem = 344 nm.
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Figure A5. Fluorescent spectral changes of 7-IQBA (1 × 10-5 M) upon addition of D-tagatose in
phosphate buffer (0.1 M) at pH 7.4: λex = 272 nm, λem = 346 nm.
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Figure A6. Fluorescent spectral changes of 4-POBA (1 × 10-5 M) upon addition of D-fructose in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm.
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Figure A7. Fluorescent spectral changes of 4-POBA (1 × 10-5 M) upon addition of D-glucose in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm.
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Figure A8. Fluorescent spectral changes of 4-POBA (1 × 10-5 M) upon addition of D-mannose in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm.
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Figure A9. Fluorescent spectral changes of 4-POBA (1 × 10-5 M) upon addition of D-sorbitol in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm.
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Figure A10. Fluorescent spectral changes of 4-POBA (1 × 10-5 M) upon addition of D-tagatose in
phosphate buffer (0.1 M) at pH 7.4: λex = 299 nm, λem = 430 nm.
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APPENDIX B – Fluorescence Quantum Yield (F)

Figure B1. Absorbance and fluorescence spectra of decreasing 7-IQBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the absence of sugar in phosphate buffer (0.1 M) at pH 7.4: λex =
272 nm, area range λem = 275 – 500 nm.
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Figure B2. Absorbance and fluorescence spectra of decreasing 7-IQBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-fructose in phosphate buffer (0.1 M) at pH 7.4:
λex = 272 nm, area range λem = 310 – 500 nm.
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Figure B3. Absorbance and fluorescence spectra of decreasing 7-IQBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-mannose in phosphate buffer (0.1 M) at pH
7.4: λex = 272 nm, area range λem = 315 – 500 nm.
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Figure B4. Absorbance and fluorescence spectra of decreasing 7-IQBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-sorbitol in phosphate buffer (0.1 M) at pH 7.4:
λex = 272 nm, area range λem = 310 – 500 nm.
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Figure B5. Absorbance and fluorescence spectra of decreasing 7-IQBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-tagatose in phosphate buffer (0.1 M) at pH 7.4:
λex = 272 nm, area range λem = 315 – 500 nm.
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Figure B6. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the absence of sugar in phosphate buffer (0.1 M) at pH 7.4: λex =
299 nm, area range λem = 350 – 550 nm.
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Figure B7. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-fructose in phosphate buffer (0.1 M) at pH 7.4:
λex = 299 nm, area range λem = 344 – 560 nm.
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Figure B8. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-glucose in phosphate buffer (0.1 M) at pH 7.4:
λex = 299 nm, area range λem = 340 – 560 nm.
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Figure B9. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1 ×
10-5 M with 1/3 serial dilutions) in the presence of D-mannose in phosphate buffer (0.1 M) at pH
7.4: λex = 299 nm, area range λem = 340 – 560 nm.
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Figure B10. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1
× 10-5 M with 1/3 serial dilutions) in the presence of D-sorbitol in phosphate buffer (0.1 M) at pH
7.4: λex = 299 nm, area range λem = 340 – 570 nm.
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Figure B11. Absorbance and fluorescence spectra of decreasing 4-POBA concentrations (initial: 1
× 10-5 M with 1/3 serial dilutions) in the presence of D-tagatose in phosphate buffer (0.1 M) at pH
7.4: λex = 299 nm, area range λem = 350 – 540 nm.
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APPENDIX C – pH Profiles & Identification of pKa Values

Figure C1. pH profiles of fluorescent intensities for 7-IQBA (1 × 10-5 M) in the absence of sugar in
phosphate buffer (0.1 M): λex = 272 nm, λem = 344 nm and 378 nm.
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Figure C2. pH profiles of fluorescent intensities for 7-IQBA (1 × 10-5 M) in the presence of Dfructose (0.01 M) in phosphate buffer (0.1 M): λex = 272 nm, λem = 344 nm and 378 nm.
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Figure C4. pH profiles of fluorescent intensities for 7-IQBA (1 × 10-5 M) in the presence of Dmannose (0.01 M) in phosphate buffer (0.1 M): λex = 271 nm, λem = 344 nm and 378 nm.
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Figure C5. pH profiles of fluorescent intensities for 7-IQBA (1 × 10-5 M) in the presence of D-sorbitol
(0.01 M) in phosphate buffer (0.1 M): λex = 272 nm, λem = 344 nm and 378 nm.
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Figure C6. pH profiles of fluorescent intensities for 7-IQBA (1 × 10-5 M) in the presence of Dtagatose (0.01 M) in phosphate buffer (0.1 M): λex = 272 nm, λem = 344 nm and 378 nm.
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Figure C7. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the absence of sugar in
phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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Figure C8. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the presence of Dfructose (0.01 M) in phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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Figure C9. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the presence of Dglucose (0.01 M) in phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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Figure C10. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the presence of Dmannose (0.01 M) in phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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Figure C11. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the presence of Dsorbitol (0.01 M) in phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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Figure C12. pH profiles of fluorescent intensities for 4-POBA (1 × 10-5 M) in the presence of Dtagatose (0.01 M) in phosphate buffer (0.1 M): λex = 299 nm, λem = 430 nm.
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APPENDIX D – Titration Reports for Identification of pKa Values
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